Weak-scale dark matter particles, in collisions with nuclei, can mediate transitions between different nuclear energy levels. In particular, owing to sizeable momentum exchange, dark matter particles can enable de-excitation of nuclear isomers that are extremely long lived with respect to regular radioactive decays. In this paper, we utilize data from a past experiment with 180 Ta m to search for γ-lines that would accompany dark matter induced de-excitation of this isomer. Nonobservation of such transitions above background yields the first direct constraint on the lifetime of 180 Ta m against DM-initiated transitions: T 1/2 > 1.3 × 10 14 a at 90% C.I. Using this result, we derive novel constraints on dark matter models with strongly interacting relics, and on models with inelastic dark matter particles. Existing constraints are strengthened by this independent new method. The obtained limits are also valid for the Standard Model γ-decay of 180 Ta m .
I. INTRODUCTION
The existence of massive stable particles with masses commensurate with the electroweak scale is a common feature of many extensions of the Standard Model (SM) [1] . Such particles can account for the entirety (or a fraction) of dark matter (DM) in the Universe, motivating intense theoretical and experimental efforts to discover them, or else constrain their properties. Indeed, the searches of weakly interacting massive particles (WIMPs) have progressed to probe tiny cross sections of DM particles with nuclei and electrons (see e.g. [2] ), and have become the most prominent endeavour in trying to elucidate its nature.
Nuclear physics, thus far, played a rather limited role in such searches. In most of the large-scale experiments [3] [4] [5] [6] , the nuclear physics input is often limited to refinement of the nuclear matrix elements (e.g. providing a better treatment of elastic nuclear form-factors). Occasionally, ideas with excitation of nuclear levels by WIMPs has been explored as a way of complementing main searches [7] [8] [9] .
In recent work [10] , it was argued that the existence of extremely long lived nuclear isomers can be used as a tool for DM searches, offering a unique probe of DM candidates that are otherwise undetectable in conventional underground experiments. Nuclear isomers are often extremely long-lived, because their conventional γ-decay would typically require a very significant change of the angular momentum by L units, leading to a strong power * bjoernlehnert@lbl.gov † hramani@berkeley.edu suppression of the decay rate by a factor of ∝ (R N k γ )
2L
(here R N is the nuclear radius, and k γ is the wave number of the emitted γ-ray, with typical values of 10 −2 -to-10
for R N k γ ). It is important to recognize that interaction with a DM particle, may lead to a direct DM-induced de-excitation of an isomer N ( * ) to a lower level N (0)
where ∆E, the excess of nuclear energy, is released as the kinetic energy of the final state particles. Crucially, this process need not be kinematically suppressed, as (R N k γ ) 2L is changed to (R N √ 2∆Eµ/ ) 2L , where µ is a reduced mass of the DM-nucleus system. The minimum momentum transfer q 0 = √ 2∆Eµ can be as large as R −1 N , so that the main suppression factor can be fully lifted. In this paper, we implement the first direct search of process (1) , taking the isomeric state to be the famous 180 Ta m nucleus. The conventional decay of 180 Ta m was investigated numerous times in the past but has never been observed. The E 7 transition required for the decay of the 9 − isomeric state makes it especially long-lived and remarkably stable on cosmological timescales. Additional interest to this nucleus stems from its relatively large abundance ( 10 −4 of natural tantalum), which is difficult to reconcile with nucleosynthesis models, where odd-odd nuclei such as
180 Ta m are difficult to preserve. Fig. 1 shows the possible decay modes of 180 Ta m which are listed below: The β − -decay (1a) and electron capture (EC) (1b) are 3 rd forbidden non-unique transitions which were recently investigated in [11] . The experimental signatures are the de-excitation γ-cascades from the 6 + excited states of 180 W and 180 Hf, respectively (not shown). Current halflife limits are at 5.8 · 10
16 a for (1a) and 2.0 · 10 17 a for (1b) (90% C.I.) [11] 18 a for (2b). The internal conversion mode is predicted to be the dominant decay channel in [12, 13] .
The DM induced 180 Ta m de-excitations 9 − − 2 + (3a) and 9
− − 1 + (3b) are the focus of this work. The experimental signature for (3b) is identical to (2b), whereas (3a) has the additional 39.5 keV γ-ray from the 180 Ta 2 + de-excitation. Currently, the half-life sensitivity for processes (2) and (3) is well below the theoretical prediction of (2b) at 8 · 10 18 a, so then a non-observation provides constraints for all decay modes. Should a positive signal eventually be seen, investigation of overburden-dependence will have a discriminating power between natural and DM-induced decays in some models.
Given that only ∼ 10 −4 of natural tantalum can be used for the search, it is clear that the search of reaction in Eq. 1 cannot compete with massive Xe and Ar-based experiments for constraining tiny elastic cross section. Instead, the 180 Ta m half-life limit will provide a means for probing DM models that cannot be probed with conventional methods [2] . Firstly, if DM interacts strongly with the SM, it will undergo multiple successive collisions in the atmosphere and overburden, such that its kinetic energy is reduced far below the threshold for any underground DM detector. But even with vanishingly small incoming velocity, the DM-induced de-excitation of 180 Ta m will go unimpeded. Rocket and balloon experiments with reduced exposures compared to terrestrial direct detection (DD) experiments have been conducted above the atmosphere in order to access DM which has passed through negligible over-burden [15, 16] . The results we derive in this paper using tantalum allow us to improve on these bounds and strengthen existing constraints with an entirely different method. Significant progress is achieved in models where strongly-interacting massive particles constitute a subdominant component of DM, which is expected in models with thermal DM freeze-out (see e.g. [17] ).
Another class of WIMP models that could escape conventional searches but be discovered/constrained with nuclear isomers are the so-called inelastic DM. In these models, DM is the lighter of two components with a small mass difference, and has dominantly off-diagonal couplings i.e. inelastic interactions with the SM.
Therefore the dominant scattering mechanism requires additional energy for DM excitation, and would not proceed if the mass splitting of the two DM states exceeds available kinetic energy. An addition of nuclear excitation energy ∆E provided by the isomer in this case, allows accessing larger mass splitting in the DM sector. Higgsinos arising from supersymmetric theories are an example of a well motivated inelastic DM candidate that would invoke the WIMP miracle to explain the DM relic abundance, that is not yet ruled out by DM experiments [18] .
II. EXPERIMENT
In this work, we re-analyzed data collected in [11] to look for the signal corresponding to scattering with DM. The search in [11] focused on excited state transitions from the EC and β − decays of 180 Ta m which includes higher energy γ-rays up to 332.3 keV. This search focuses on the 93.3 keV and 103.5 keV γ-rays as a signature of the 180 Ta ground state decay. However, the 93.3 keV γ-line from the EC branch is overlapped with two background γ-lines from 234 Th at 92.38 ± 0.01 keV (2.18%) and 92.80 ± 0.02 keV (2.15%), with emission probabilities quoted in parenthesis as well as the Th K-a1 x-ray at 93.31 keV. Thus, only the 103.5 keV γ-line from the β − branch is used in the analysis as illustrated in red in Fig. 1 . A γ-line at 103.35 keV, also from 234 Th, has 3 orders of magnitude lower emission probability of 3.2 · 10
and is negligible. A search of nuclear data revealed no reasonable lines which could interfere with this measurement. The measurements in [11] were not optimized for such low energy, but nevertheless can be used to set limits. Future experimental improvements are pointed out at the relevant points below and in Sec. IV.
The target sample consists of 6 tantalum discs of natural isotopic abundance. The discs have a diameter of 100 mm and a thickness of 2 mm each, summing up to a total mass of 1500.33 g containing 180 mg
180 Ta m . In total, three measurements are combined: M1 from [19] , M2 from [20] and M3 from [11] . Their parameters are condensed in Tab. I for the γ-line of interest. All measurements were taken at the HADES underground labo- ratory with 225 m overburden located at the premise of the Belgium nuclear center SCK·CEN in Mol, Belgium. Measurement M1 was performed on a single HPGe detector whereas measurement M2 and M3 were performed in a 2-detector sandwich setup. In M2, the data of both detectors were combined into one dataset whereas in M3, they were split into two detectors in order to maximize the advantages of both detector types. Ge6 has a 1.0 mm thick copper window and a 0.7 mm thick deadlayer at the top of the Ge-crystal whereas Ge7 has a 1.5 mm thick aluminium-window and a 0.3 µm deadlayer at the top. The latter is more suitable for the detection of low energy γ-rays as can be seen in their detection efficiency of the 103.5 keV γ-ray in Tab. I. The slight decrease of detection efficiency from M2 to M3 is due to the growth of the Ge6 dead layer over time.
The full energy detection efficiencies were determined with the Monte Carlo code EGSnrc [21] which has been validated through measurements of reference sources and checked by participation of proficiency tests. The uncertainty is estimated as 10%. The energy resolutions were routinely determined with a set of calibration sources ( 241 Am, 137 Cs, 60 Co) and have an estimated uncertainty of 5%.
The analysis is a peak search using a Bayesian fit of the Gaussian signal peak on top of a linear background as described in [11] . The fit uses the Bayesian Analysis Toolkit (BAT) [22] and includes the inverse half-life as the parameter of interest as well as two parameters to model the background, one parameter for the efficiency, one parameter for the resolution and one parameter for the signal peak position. Three background γ-lines from 228 Ac at 99.51 keV (1.26%) as well as the two γ-lines from 234 Th mentioned above are included in the fit region of [87,110] keV and are constrained by two free parameters each, describing their strength and peak position. Parameters with known values such as peak positions, the resolution and the detection efficiency have Gaussian priors assigned with the width set to their known uncertainty. This naturally includes systematic uncertainties in the fit. The total efficiency is composed of the emission efficiency of the 103.5 keV γ-ray for the 180 Ta ground state decay of 0.87 ± 0.24% as well as the detection efficiency quoted in Tab. I with 10% uncertainty. The emission probability dominates to a total uncertainty of 30% for the efficiency parameter. Based on the input parameters, the fit finds zero inverse half-life as the best fit value and hence no signal is observed. The limit setting is based on the marginalized posterior distribution of the inverse half-life of which the 0.9 quantile is used as the 90% credibility interval (C.I.) at
14 a (90% C.I.) .
Compared to the partial half-life limits for the β and EC decay modes of 180 Ta m obtained in [11] , this halflife limit on the 180 Ta m γ-decay is more than 2 orders of magnitude weaker due to the lower emission probability and detection efficiency of the signal γ-ray.
III. RESULTS FOR DARK MATTER
We interpret the partial half-life limits obtained above as limits on DM scattering. The relevant process is DM scattering 180 Ta m (j = 9 − , E = 77.2 keV) to either the lower excited state (j = 2
+ , E = 39.5 keV) i.e. decay mode (3a), or ground state (j = 1
+ , E = 0 keV) i.e. decay mode (3b).
Given T 1/2 , a limit can be set on cross-section for DM χ with mass M χ , to scatter off 180 Ta m , σ χTa through,
Here ρ lab is the local DM density in the lab. Limits on σ χTa thus obtained can then be used to set limits on model dependent per-nucleon cross-sections as described next.
A. DM that interacts strongly with nuclei DM that interacts strongly with nuclei is poorly constrained due to it its slow down in the atmosphere. The slow down can lead to thermalization with the atmosphere or rock over-burden, and the presence of the gravitational potential eventually leads to a terminal velocity v term towards the center of the earth. The local downward velocity determines the local DM density through flux conservation, ρ lab = vvir vterm ρ ss , where ρ lab is the DM density at a location of an underground lab, ρ ss is the solar system DM density, and v vir is the local virial velocity of DM. The density enhancement η = ρ lab ρss was evaluated in [10] as a function of σ n and M χ for the HADES lab with 225 meter overburden. η can reach as large as 10 8 for M χ ∼ 100 GeV and σ n > 10 −30 cm 2 . For DM lighter than the abundant nuclei on earth, there is an additional trapped thermalized population which was estimated in [23] . We use this in addition to the density estimated in [10] for limit setting purposes. We provide η as a function of σ n and relevant M χ in the Supplemental Materials.
FIG. 2:
Region of interest in each dataset for the 103.5 keV peak search in the β − channel. The best fit is shown in blue and the best fit with the signal peak set to the 90% C.I. half-life limit is shown in red. The arrows indicated the 93.3 keV peak of the EC channel (not used in fit) as well as the named background γ-lines. 
������� ����� (��+��)

�� �� �� ��� � (� �+ ��
�� -��
�� -�� �� -�� δ� χ [���] σ � [�� � ] � χ =� ��� �� ���� ������
� �� �� �� � �� �� (� �+ �� )
� �� �� �� �� � (� �+ �� )
� �� �� �� �� � (� �)
������ ������
FIG. 3:
Left: 90% credibility limits on the per-nucleon cross-section for DM that interacts strongly with nuclei from lifetime limit of 180 Ta m corresponding to T 1/2 > 1.3 × 10 14 a are shown in red. κ L is assumed to be 1 (in Eqn. 5). Also shown are limits from existing experiments adapted from [16] in gray. Projections for limits from an experiment that can measure T 1/2 > 1 × 10 18 a in the (3a)+(3b) decay mode are shown in dashed orange and for
19 a in the (3a) only mode in dashed purple. Right: Limits and projections with the same color coding for inelastic DM with mass splitting δM χ . Also shown are limits from existing experiments adapted from [18] in gray.
We model the cross-section as a generic strong-scale interaction i.e. ∼ 1 Λ 2 QCD through the exchange of meson-like hadron resonances, and its reference per-nucleon crosssection is taken to be σ n . Following [10] the total crosssection for χ to scatter off 180 Ta m can be estimated by the following ansatz,
Throughout this paper, we use natural units, = c = 1. Here, µ Ta,χ is the tantalum-DM reduced mass, q 0 = ∆E × µ Ta,χ is the momentum exchange, and R Ta is the radius of tantalum nuclei. The quantity S f (q 0 ) is the square of the nuclear form-factor that captures the inelastic matrix element for the down-scatter of the isomeric state to one of the lower states. Following [10] it is estimated from the Weisskopf estimates and includes the hindrance factor H prescribed in [12] ,
Here j L are the spherical Bessel functions. The sum runs over odd L, 7 ≤ L ≤ 11 for (3a) and L = 9 for (3b) scattering processes (Refer Fig.1 ). The kludge factor κ L is present to account for deviations from the ansatz that is not captured by the hindrance factors and can be determined by a scattering experiment or observation of the SM decay.
Since it is an exothermic reaction, the counting rate depends on the local DM density and not the flux. We can use Eq. 4 along with η calculated in [10] , the relation in Eq. 3 and the limit in Eq. 2 to set limits on σ n . This limit will depend on f DM , the fraction of solar system DM in χ particles. Limit contours for κ L = 1 are plotted in the σ n vs M χ plane in Fig. 3 (left) for f DM = 10 −4 . We also show limits from existing experiments which are adapted from [16] . Stringent new limits are set for M χ > 50 GeV in the strongly interacting regime. There is a drastic reduction in parameter space ruled out by existing DD experiments for such small dark matter fractions. However, 180 Ta m has a much slower drop-off in sensitivity owing to its unique ability to look for slowed down DM that has a large local number density. Limits for different f DM are discussed in the Supplementary Material.
B. Inelastic Dark Matter
DM χ could have dominantly non-diagonal couplings with the SM, i.e. scattering relevant to DD is determined by the operator L ⊃ (G χ F ) 2χ χ N N , where N is the target nucleus, χ is non-degenerate with χ and δM χ = M χ − M χ . As a result this energy difference δM χ has to be supplied by the initial kinetic energy in the center of mass frame in conventional DD experiments. Limits from these are summarized in [18] and plotted in Fig. 3 (right) , in gray for M χ = 1 TeV. The maximum velocity of the truncated DM velocity distribution, as well as the energy thresholds required for detection, ultimately set the limit on the largest splitting that can be probed, δM χ 400 keV in CRESST [24] and PICO [25] . The extra energy available for scattering with 180m Ta, can uniquely set limits on models with higher energy splittings. The kinematics for this process as well as the estimation of the relevant rates were described in detail in [10] . The largest splitting that can be accessed with an isomeric transition with energy ∆E N is given by, δM χ
Here v E = 240 km/s is the earth velocity in the Milky Way frame and v esc = 600 km/s is the escape velocity, the cut-off of the Maxwell Boltzmann velocity distribution of DM. Unlike in the case of elastic collisions, the overburden does not have stopping power below the center of mass kinetic energy threshold.
Like in the case of strongly interacting DM, σ χTa can be expressed in terms of the per-nucleon cross-section σ n and relevant kinematic integrals [10] . We do not repeat this discussion here for brevity. Limits on inelastic DM with mass M χ = 1 TeV for κ L = 1, as interpreted from the limits on the non-observation of the isomeric transition are displayed in Fig. 3 (right) as the shaded red region. This can be compared with existing limits. The large improvement in threshold arises due to the extra energy available in the isomer as well as not requiring a specific range in recoil energy. However, is important to note that inelastic DM models with such large crosssections are hard to model build [10] .
IV. CONCLUSION AND FUTURE EXPERIMENTS
This analysis demonstrates that current nuclear isomer samples can be used to probe strongly interacting DM. Such particles are too slow to be detectable by conventional experiments since they require an "exothermic" process to make them experimentally observable. Inelastic DM is another class of models that can be probed by such "exothermic" isomers. New parameter space is excluded and existing constraints are strengthened with a new independent method.
The experimental setup can be further optimized for these searches. The additional γ-rays of 37.7 keV and 39.5 keV from the 180 Ta m γ or DM induced decay would complement the experimental signature and could increase the sensitivity since their emission probability is 100% per decay. However, such low energies require a dedicated γ-spectroscopy setup which must be optimized by (1) selecting a suitable HPGe detector technology, (2) use a HPGe cryostat with thin entrance window, (3) optimize the source thickness to reduce self-shielding, and (4) use a tantalum sample enriched in 180 Ta to further increase exposure without increasing self-absorption.
An optimal detector choice are commercially available ultra-low background p-type BEGe (Broad Energy Germanium) detectors in which the n+ contact on the front side is removed to eliminate low energy γ-ray attenuation in the germanium dead layer. The thicker deadlayer on the other sides as well as tantalum sample on the front side would effectively shield this setup from external low energy background γ-rays. The wide energy range of BEGe detectors enables a suitable sensitivity to the β − and EC decays of 180 Ta m allowing a simultaneous search for all decay modes. Commercially available carbon fiber entrance windows of the vacuum cryostat would further maximize low energy detection efficiencies.
Tantalum strongly attenuates γ-rays and only the first millimeters of the sample contribute as active source for the low energy signal. A MC study to optimize the source thickness for a future experiment was performed using MaGe [26] . A single BEGe detector (70 mm diameter and 30 mm height) with 0.3 µm dead layer on the top side was placed in a standard vacuum cryostat with 0.6 mm carbon entrance window. A tantalum disc of equal diameter as the detector and variable thickness was placed 1 mm from the carbon window. The detection efficiency of γ-rays generally decreases with increasing source thickness due to increasing self-absorption but the sensitivity equivalent metric of target mass × detection efficiency plateaus at a certain thickness. This plateau is energy dependent and was found at thicknesses of about 0.2 mm, 0.8 mm, 3.5 mm, and 7 mm, for 39.5, 103.5, 234.0, and 332.3 keV γ-rays, respectively. Thus, for the low-energy search of strongly interacting DM, the optimal source thickness is around 1 mm with a total tantalum mass of 64 g. This optimized setup would improve the detection efficiency for the 103.5 keV γ-ray from 0.06% (Ge6) to 0.17% (Ge7) in this work to about 8.7% using 24 times less tantalum. A half-life sensitivity of 3 · 10 14 a can be achieved for the same peak search within 6 months of measurement using a single detector. Triggering on the 39.5 keV γ-ray, the sensitivity increases to 9 · 10 15 a for the (2a) and (3a) decay modes due to the higher emission probability. Tantalum enriched to 5.5%
180 Ta m (as used in [27] ) would increase the sensitivity by a factor of about 500 w.r.t. to the natural isotopic abundance of 0.012%. A simple scaling of the search by running e.g. 14 detectors and targets in sandwich configuration (similar to the setup in [28] ) as well as increasing the measurement time to 3 years would increase the sensitivity by another order of magnitude to 1 · 10 18 a for the 103.5 keV search (3a)+(3b) and 4 · 10 19 a for the 39.5 keV search (3a), respectively. This would also allow to test the theoretical half-life prediction of the γ-decay mode (2b) from [12] . The projected sensitivities for the strongly interacting DM and inelastic DM are shown in Fig. 3 for the (3a)+(3b) type search in dashed orange and for the (3a) type search in dashed purple. The orange lines have larger thresholds due to the additional energy available for the (3b) scatter but lower sensitivity due to the smaller branching ratio of the 103.5 keV γ-ray.
Different detector technologies could be used to advance this search even further. Large area segmented semi-conductor detectors with thin dead layers could be used to maximize the detection efficiency and background rejection of the low energy γ-rays from a tantalum foil sandwiched in-between them [29, 30] . Another idea is to operate a tantalum crystal as a cryogenic bolometer below 100 mK [31] . In this target=detector approach, the low energy γ-rays do not have to escape the detector and various crystal sizes are possible to fully optimize the signal to background ratio.
The search for DM using these isomers could be improved with additional experimental work that can reduce theoretical uncertainties. Theoretical estimates of hindrance factors from [12] were used in this work to account for the hitherto unmeasured transition matrix element. This is an order of magnitude estimation which could be more accurately determined by observing the decay or through scattering with SM projectiles. Until now, photons [32] and neutrons [33] have been used to scatter with 180 Ta m to produce de-excitations, albeit the interaction has always gone through a compound nucleus/excited state, since both the photon/neutron can be absorbed. Inelastic scattering with electrons which have been used to estimate transition charge densities for large ∆J transitions [34] , could be repeated for 180m Ta. Additionally, the emission probability of the 103.5 keV γ-ray has a large uncertainty of 28%. While this uncertainty is correctly taken into account in the prior probability of the Bayesian analysis, it would help future experiments to determine the emission probability more precisely.
Furthermore, as pointed out in [10] , interesting inelastic DM parameter space can be probed using existing samples of 178m Hf and 137m Ba produced as fission waste. These searches require more sophisticated experimental setups, but given the generic nature of the proposed search and the demonstrated feasibility of the approach, we believe that it would be opportune to perform such searches in these isomers.
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